The classical rheological theories of entangled polymeric liquids are built upon two pillars: Gaussian statistics and the assumption that the stress arises exclusively from the change of intramolecular configuration entropy of entanglement strands. We show that these two hypotheses are not supported by molecular dynamics simulations of polymer melts. Specifically, it is demonstrated that the segment distribution functions at the entanglement length scale and below exhibit considerable deviation from the theoretical predictions, in both the equilibrium and deformed states. Further conformational analysis reveals that the intrachain entropic stress at the entanglement length scale does not fully account for the total stress, indicative of a considerable contribution from interchain entropy.
The tube model of Doi and Edwards [1] , which is the most prominent theory of entangled polymers, attributes the mechanical stress entirely to intrachain "entropic force" arising from individual entanglement strands obeying Gaussian statistics. This treatment finds its root in the classical transient network theories of Green and Tobolsky [2] , Lodge [3] , and Yamamoto [4] , which can be traced further back to the kinetic theory of rubber elasticity [5] . The first (H1) of the two key assumptions involved in constructing the stress formula of both the tube and transient network theories is that the distribution ψ(r) of the end-to-end vectors r of the entanglement strands can be described by the Gaussian function:
exp(−ξ 2 e r 2 ),
where ξ 2 e = 3/2N e b 2 , with b being the Kuhn length and N e the number of Kuhn steps within an entanglement strand. The second assumption (H2) states that the stress arises solely due to the conformational changes of the entanglement strands, leading to the following formula for the viscoelastic stress tensor σ αβ in the limit of moderate deformation:
where ν e is the number density of entanglement strands. Surprisingly, these two central hypotheses of the classical rheological theory of entangled polymeric liquids, which often appear in standard textbooks [1, 6, 7] , have not been explicitly verified by experiments or simulations. Motivated by this challenge, we have performed a series of equilibrium and non-equilibrium molecular dynamics (MD) simulations on entangled polymer melts using the GPU-accelerated LAMMPS package [8] [9] [10] . To test the first hypothesis, we consider a coarse-grained (CG) beadspring model of polymer melts, which has been extensively studied by Kremer and Grest [11] and many others [12] . All beads interact with the WCA potential and the bonded interactions between neighboring beads along the polymer chain are described by the FENE potential. The chain stiffness is controlled by a bending potential U bend (θ) = k θ (1 + cos θ), where θ is the angle between two successive bonds. Two values of k θ , 0 and 1.5, are used in the simulations, resulting in "fully flexible" and semiflexible chains, respectively. Polymer melts of M linear chains with N beads are equilibrated at a number density of ρ = M N/V = 0.85 and a reduced temperature of T = 1 with the previously reported methods. For k θ = 0, M = 5000, N = 40; M = 2000, N = 120; M = 500, N = 500; M = 250, N = 2000. For k θ = 1.5, M = 5000, N = 40; M = 500, N = 500. We use the estimates, N e ≈ 60 [13] for k θ = 0 and N e ≈ 28 for k θ = 1.5 [12, 14] . The major, representative results emerging from these simulations are shown in this Letter and the full details can be found in the Supplemental Material [15] .
To understand the chain conformation on different length scales, we examine the equilibrium segment distribution function ψ s (r) at various chemical separations s = |i − j| with i and j being the indices of the beads:
(3) Here, R j is the position vector of bead j. For s = N − 1 and N ≫ N e , ψ s=N −1 , representing the distribution of end-to-end separation of the entire chain, follows the ideal Gaussian distribution. On the other hand, there is plenty of evidence in the literature [12, 16] , primarily from the mean-square internal separation,
, that the Gaussian distribution indeed fails at small s. For the fully flexible (k θ = 0) and semiflexible (k θ = 1.5) CG bead-spring models, deviation from the ideal Gaussian behavior in r 2 (s) 0 becomes apparent when s 10. At first glance, these well-known results seem to confirm the Gaussian hypothesis of the network model (H1). However, a detailed analysis of ψ s (r) paints a different picture. 
, we use b 2 = r 2 (s) 0 /s as directly determined from the simulations, eliminating any free parameter. It is evident from Fig. 1 that the Gaussian approximation is not fulfilled at the entanglement length scale (s/N e = 1) and below (s/N e < 1) for these two CG models. In particular, for each s < N e , the distribution function displays a visible oscillatory signature at small r, which clearly emanates from the local liquid structure.
To confirm the relevance of these results to real polymer chains, we extend our analysis to a united-atom (UA) model for linear polyethylene (PE) [17, 18] as well as a coarse-grained model for polystyrene (PS) [19, 20] . We consider two PE systems: M = 1000, N = 50 (C 50 H 102 ) and M = 500, N = 100 (C 100 H 202 ). The chains are equilibrated at T = 450 K and ρ = 0.7493 g/cm 3 for C 50 H 102 and ρ = 0.7682 g/cm 3 for C 100 H 202 with a Nosé-Hoover thermostat, yielding a pressure of about 1 atm. The equilibrium configurations of the PS melt are provided to us by the courtesy of Prof. S.-Q. Wang and details of the PS simulation are described elsewhere [20, 21] . Conformation analysis of these UA-PE and CG-PS chains reveals significant deviation from the Gaussian distribution for s/N e ≤ 1 [ Fig. 1 (k)-(o) and (p)-(s)]. The Gaussian function is a poor approximation for the distribution function at s/N e = 1 and fails completely at s/N e = 0.5. This result is in agreement with prior studies of the distribution functions of short chains [22, 23] . It is worth noting that deviations from the standard Rouse behavior have been observed in neutron spin-echo experiments on an unentangled polyethylene melt and the corresponding atomistic MD simulations [24, 25] . These deviations have been attributed to the failure of the dynamic Gaussian assumption in calculating the segmental displacement R i (t) − R j (0). Our analysis indicates that the previously observed breakdown of the Rouse model evidently has its origin in static structure: non-Gaussian distribution functions at small length scales.
To further quantify the deviation from the Gaussian distribution, we compare several statistical moments of the simulated chains to those of the ideal Gaussian molecules [26] in Fig. 1 (u)-(w). While the internal separation R 2 (s) /s approaches the ideal Gaussian limit around N e for all the four models, non-Gaussian behavior can be clearly observed at s ≤ N e when higher statistical moments are examined. Figures 1(v) and (w) show that the deviation from the Gaussian distribution increases with increasing chain stiffness. One might question whether the relatively mild non-Gaussian behavior of the fully-and semi-flexible chain models at N e bears any rheologically significance. However, the deviation from the Gaussian distribution evidently cannot be ignored in the case of the more realistic UA-PE and CG-PS models. Moreover, as we shall demonstrate below, the second assumption (H2) of the transient network picture is not fulfilled in the full-and semi-flexible chain models. Lastly, we note that our results on the fully-flexible chains are consistent with the classical paper of Kremer and Grest [11] , although the authors did not focus on the non-Gaussian behavior and its rheological consequences.
Both the transient network and tube theories assert that it suffices to coarse-grain entangled polymeric liquids at the entanglement strand level to describe their rheological properties. The underlying assumption is that the deformation of polymer segments at smaller length scales is completely slaved to that of the entanglement strands, given that the time scale associated with the deformation is much longer than the entanglement equilibration time [27] . This idea is rooted in the classical rubber elasticity theory [28] and can be formally expressed using the distribution function of Ullman [29] . For example, for uniaxial extension E = diag(λ −1/2 , λ −1/2 , λ) applied directly to the entanglement strands, the distribution function ψ s (r) for s/N e ≤ 1 is:
. (4) Here, λ should be understood as a microscopic stretching ratio instead of a macroscopic one. It is straightforward to show that according to Eq. (4) the entropic tensile stress at different coarse-graining levels is Σ
, which is equal to the entropic stress of the entanglement strands and independent of s. From this discussion, it becomes apparent that in addition to the analysis of equilibrium distribution function ψ s (r), two other crucial tests can be performed to critically examine the classical transient network concept, and in particular, hypothesis H2. First, using non-equilibrium MD simulation, one can analyze the distribution function ψ s (r) at s/N e < 1 to see whether or not it is indeed coupled to the deformation of entanglement strands according to Eq. (4). Second, one can examine the entropic stress at different s. For 1 ≪ s < N e , σ zz (s) − σ xx (s) should be equal to the entropic stress at s = N e as well as the total stress evaluated directly from the virial formula.
To test these ideas, we perform non-equilibrium MD simulations on the two CG models to investigate their uniaxial extension behavior up to stretching ratio λ = 3.0 and the subsequent stress relaxation [15], using the deformation protocol described previously [30] . The equilibrated polymer melt is uniaxially elongated in the zdirection with a constant engineering strain rate and the equilibrium pressure of the melt is imposed in the x-and y-directions via a Nosé-Hoover barostat. Concomitant with stretching of the box in the tensile direction, the sample shrinks in the perpendicular directions. We employ the spherical harmonic expansion technique [31] [32] [33] to quantitatively analyze the anisotropic segment distri- to each real spherical harmonic function Y m l (θ, φ). In the case of uniaxial extension, m = 0 and l is even [28] . Figure 2 shows the leading anisotropic distribution function 4πr 2 ψ 0 2,s (r) of k θ = 0, N = 2000 and k θ = 1.5, N = 500, after a uniaxial extension of λ = 1.8, performed at initial Rouse Weissenberg numbers Wi R,0 = 41.8 and 5.15, respectively. To put these results in perspective, we compare the 4πr 2 ψ 0 2,s (r) at s/N e ≥ 1.0 from MD with those predicted by the deformed Gaussian distribution function [7] :
using λ as a free fit parameter. At the stretching conditions of these simulations, the molecular deformation at 1 ≤ s/N e ≤ 4 clearly does not follow the macroscopic one (Fig. 2) . For both systems, Eq. (5) with a microscopic stretching ratio of λ = 1.55 can provide a reasonable description of the short-distance part of 4πr 2 ψ 0 2,s (r) at the entanglement length scale (s/N e = 1) but overestimate the anisotropy at large distances. Accepting that this is the best result we can achieve with Eq. (5), we feed this microscopic strain into Eq. (4) (Ullman's distribution function) to generate the expected anisotropic distribution functions below the entanglement length scale (s/N e < 1). However, 4πr 2 ψ 0 2,s (r) in the simulations deviate strongly from the predicted distributions at these small s (length scales), calling the ideal theoretical picture into question.
Having found no evidence to support the classical coarse-graining hypothesis H2 from the above analysis of the anisotropic distribution functions, we proceed to examine the entropic stress at different s. The general expression for the s-dependent entropic stress of a Gaussian chain is:
where ρ is the bead (monomer) number density and · · · = · · · ψ s (r)dr. Eq. 6 describes how the entropic stress depends on the level of coarse-graining. By examining the statistical average of the dyadic tensor rr instead of the detailed form of ψ s (r), the entropic stress analysis is a more general test of H2. In the preceding discussions, we show that the equilibrium distribution function ψ s (r) at s ≤ N e is in fact not Gaussian. Therefore, it is questionable whether Eq. (6) can be employed to calculate the intrachain entropic stress at the entanglement length scale and below. Nevertheless, without a better method to accurately determine the entropic stress, we will still use Eq. (6) in our stress analysis. Our approach should be understood as a "proof by contradiction": starting with the assumptions that H1 and H2 are correct, if the results from simulations contradict the theoretical predictions, then the classical transient network concept clearly needs to be reconsidered. Figure 3 shows the entropic stress analysis of the uniaxial extension simulations of the fully-flexible and semiflexible CG models up to λ = 1.8. Because of the moderate strain rates and degrees of deformation, the stressoptical relation is obeyed in these simulations: the tensile stress Σ = σ zz − σ xx and the bond orientation parameter S [13] are proportional to each other. However, the entropic tensile stress at the entanglement length scale is significantly smaller than the "macroscopic" stress -Σ e (N e ) makes up about only 60-70% of the total stress. Unlike the UA-PE and CG-PS models [ Fig. 1 (k)-(t)], the deviation from the Gaussian distribution is relatively small in the two CG models at the entanglement length scale. For this reason, the large discrepancy between Σ e (N e ) and Σ is rather surprising. Moreover, contrary to the classical picture, the entropic stress does not level off as s becomes smaller than N e [Fig. 3(b) and 3(d) ]. In fact, the Σ e (s)/Σ curve does not exhibit any marked changes around s = N e . Our MD simulations of the two CG models clearly do not support the key hypotheses (H1 and H2) associated with the classical transient network picture.
We note that despite the arguments by Doi and Edwards for neglecting interchain forces, well laid out in their monograph on polymer dynamics [1] , the issue of inter-versus intrachain contributions to stress has long been debated in the literature. MD simulations by Fixman [34] , Gao and Weiner [35] [36] [37] [38] , and Likhtman and coworkers [39, 40] have revealed that interchain and ex- cluded volume interactions make significant contributions to stress in dense polymeric liquids, which directly challenges the basic assumption of the tube model. While this finding can in principle be reconciled with the tube model approach by defining an effective bonded force, the analysis of Likhtman [39] shows that even then the crosscorrelation of intrachain stresses between different chains is non-negligible. More recently, using a chain model constructed at the level of self-consistently determined primitive paths, Sussman and Schweizer demonstrate that the entanglement plateau modulus can be quantitatively predicted from the correlated intermolecular forces [41] . The aforementioned equilibrium MD simulation studies invoke the Green-Kubo relation to evaluate the relaxation modulus G(t). It is therefore not obvious whether the two-time cross-correlation of intrachain stresses between different chains can be interpreted as interchain contributions to stress. In contrast, such a complication does not exist in non-equilibrium MD simulations. The "missing" entropic stress in our analysis ( Fig. 3) can be viewed as indirect evidence of interchain contributions to stress in entangled polymers.
In summary, this work critically examines two key assumptions of the transient network concept in entangled polymer rheology. Our molecular dynamics simulations show that the conformation distribution function of entanglement strands is non-Gaussian and the intrachain entropic stress of entanglements does not fully account for the total stress, contradicting the traditional views. While the transient network concept will undoubtedly continue to play an important role in our understanding of entangled polymer rheology, these new results evidently demonstrate the need for a reconsideration of some of the classical theoretical approaches.
